We present a first-principles density functional theory-based study about the impact of pressure on the structural and elastic properties of bulk CaN 2 , SrN 2 , and BaN 2 . Non-spin and spin polarized calculations indicate that the non-spin polarized ground state was more favourable with magnetic moments of 1.049 µ B , 1.059 µ B , and 1.014 µ B for CaN 2 , SrN 2 , and BaN 2 , respectively, and these were in good agreement with previous experimental and theoretical data. The high bulk modulus of CaN 2 , SrN 2 , and BaN 2 confirm that those compounds have low compressibility and high hardness. The obtained bulk modulus, N-N bond length, and optimized structure parameters are similar to those from previous studies. With an increase in applied pressure the independent elastic constants of CaN 2 , SrN 2 , and BaN 2 indicated the presence of mechanical instability at 20, 15, and 10 GPa, which is possibly related to phase transitions in addition to a decrease in N-N bond length.
Introduction
Metal pernitrides MN 2 have been either predicted or directly synthesized and have had a remarkable impact on solid-state and materials chemistry. These compounds contain metal atoms such as osmium, iridium, platinum or alkaline earths together with N 2 pernitride units as complex counter-anions. Binary metalnitrogen compounds currently play an important role in the most exciting technological applications of materials science. Furthermore, it has been shown that a large bulk modulus and low compressibility are characteristic of iridium nitride [1] . Platinum nitride and titanium nitride have been shown to possess excellent strength and durability [2] . These materials include PtN 2 , IrN 2 , OsN 2 , and PdN 2 , and they can be used in optoelectronic devices, sensitive magnetometers, and other metrological equipment [3 -11] . Kulkarni et al. [9] have identified locally ergodic regions for binary pernitride MN 2 compounds (M = Ca, Sr, Ba, La, and Ti) and have subsequently explored local minima through local optimizations using global optimization techniques.
The first members of these novel nitrogen-rich alkaline earth compounds M AE N 2 were discovered and structurally characterized by Kniep et al., thus revealing dinitrogen anions [N 2 ] 2− with N=N double bonds. In 2001, SrN 2 , and BaN 2 were synthesized from their corresponding metals at 620 • C under nitrogen pressure in a specialized autoclave system [12 -14] . Since then noble metal dinitrogen with analogous formulae such as OsN 2 , IrN 2 , PdN 2 , and PtN 2 have been synthesized in laser-heated diamond anvil cells in combination with cryogenically loaded nitrogen at high pressure and temperature [15 -22] . Experimental results and theoretical predictions of noble-metal pernitrides such as IrN 2 , OsN 2 , PtN 2 , and PdN 2 have shown that they are mechanically hard materials with a hardness exceeding those of noble metals. Recently, alkaline earth diazenides CaN 2 , SrN 2 , and BaN 2 have been synthesized by the controlled decomposition of their corresponding azides in a multianvil press at high pressure and temperature [23] .
However, many basic physical properties of noble metal and alkaline earth diazenides are unknown.
Therefore, in this report we focus on the structural, elastic, electronic, and mechanical stability of SrN 2 , BaN 2 , and CaN 2 under pressure using the norm-conserving technique together with first principles. The paper is organized as follows: the theoretical method is introduced and the computation details are given in Section 2 upon which the results and discussion are presented in Section 3. Finally, a summary of our work is given in Section 4.
Theoretical Method and Computation Details

Total Energy Electronic Structure Calculations
We used the plane-wave pseudopotential density functional theory method as implemented in the Cambridge serial total energy package (CASTEP) [24] . For electronic structure calculations we used normconserving (NC), on-the-fly (OTF), and Vanderbilt ultrasoft pseudopotentials (US) for the interactions of electrons with ion cores. These were used together with the local density approximation (LDA), as proposed by Vosko et al. [25] in the Ceperley-Alder parameterized scheme by Perdew and Zunger (CA-PZ), and the generalized gradient approximation (GGA) proposed by Perdew et al. [26] in the Perdew-BurkeErnzerhof scheme to describe the exchange and correlation potentials. Pseudo-atomic calculations are performed for Ca 3p 6 4s 2 , Sr 4p 6 5s 2 , Ba 5p 6 6s 2 , and N 2s 2 p 3 . The plane-wave cutoff energies for CaN 2 , SrN 2 , and BaN 2 were 800 eV, 800 eV, and 900 eV, respectively. Brillouin-zone integration was performed using 9×9×9 grids with the Monkorst-Pack method for pernitride structure optimization [27] . This set of parameters ensured a maximum force of 0.01 eV/Å, a maximum stress of 0.02 GPa, and a maximum displacement of 5.0 × 10 −4 Å.
The pressure-volume relationship can be obtained by fitting the calculated energy-volume (E-V ) data to the Vinet equation of state (EOS) [28] ln
where V = V (0, T ) is the zero-pressure equilibrium volume, derived by integration of the thermodynamic definition of the thermal expansion coefficient α(
B 0 and a (= 3(B 0 − 1)/2) are the fitting parameters. B T (P, T ) and B T (P, T ) are given by
where
Elastic Properties
To calculate the elastic constants under hydrostatic pressure P, we use the symmetry-dependent strains that are non-volume conserving. The elastic constants C i jkl with respect to the finite strain variables are defined as [29, 30] 
where σ i j and e kl are the applied stress and Eulerian strain tensors, and X, x are the coordinates before and after deformation, respectively. Under the hydrostatic pressure P, we have
where c i jkl denote the second-order derivatives with respect to the infinitesimal strain (Eulerian), δ is the finite strain variable. The fourth-rank tensor C generally greatly reduces when taking into account the symmetry of the crystal. From the calculated elastic constants, we can get the mechanical parameters, namely the bulk, shear, and Young's modulus, which are taken as [31 -33] :
The Young's modulus E and Poisson coefficient v are related to the hardness for polycrystalline material. These quantities are given by [34] :
where X is Voigt, Reuss or Hill, and S i j is the inverse matrix of the elastic constants matrix C i j , which is given by [35] 
Species
This work Moreover, the elastic anisotropy ratio is an important physical quantity about the structural phase stability of crystal structures and the anisotropies of the compressional (P) and two shear waves (S 1 and S 2 ) which are defined as [36] ∆p = C 33 C 11 ,
Results and Discussion
Structure and Equation of States
CaN 2 , BaN 2 , and SrN 2 have previously been synthesized and carefully characterized [9, 12 -14, 23, 37] . [23, 38] were investigated. We obtained the equilibrium lattice parameters a and c of CaN 2 and SrN 2 , and the a, b, c, and β values of BaN 2 using total energy calculations. The obtained lattice constants and the GGA as well as LDA calculations at 0 GPa and 0 K are summarized in Table 1 together with the available experimental and theoretical results for comparison.
The lattice constants a for GGA-NC, GGA-US, GGA-OTF, LDA-NC, LDA-US, and LDA-OTF are slightly higher than the experimental value (3.5447 Å) [23] with errors of (0.752%, 1.133%, and 1.136% for GGA-NC, GGA-US, and GGA-OTF, respectively, and 3.941%, 3.326%, and 2.782% for LDA-NC, LDA-US, and LDA-OTF, respectively). The lattice constants c for GGA-NC, GGA-US, and GGA-OTF are slightly lower than the experimental value (5.9844 Å) with errors of 0.781%, 0.839%, and 0.809% for GGA-NC, GGA-US, and GGA-OTF, respectively, and those for LDA-NC, LDA-US, and LDA-OTF are slightly higher compared with the experimental values with errors of 2.10%, 1.23%, and 2.14% for LDA-NC, LDA-US, and LDA-OTF, respectively. Furthermore, we compared the lattice constants of SrN 2 and BaN 2 with the experimental values [12, 13] . The results for Table 2 . These are compared with the available experimental and theoretical results. The N-N distances for the three metal-diazenides decreased with an increase in pressure, which means that the volume of the three crystal structures decreased significantly. However, the N-N distances of the diazenides at zero pressure are significantly different to the experimental [23] and theoretical [39] data. However, the results are consistent with experimental data for a pressure around 50 GPa [23] . The reason may be the synthesis of metal-diazenides under high pressure. 
Elastic Properties
Elastic constants provide a link between the mechanical and dynamic behaviour of crystals. Our calculated elastic constants for CaN 2 at zero pressure and zero Kelvin are C 11 = 108.37, C 33 In Figure 2 , the pressure dependence of the elastic con- Figure 2 , as it increases with an increase in pressure. Additionally, C 33 > C 11 implies that the atomic bonds along the {0 0 1} planes between the nearest neighbours are stronger than those along the {1 0 0} planes. For CaN 2 and SrN 2 the applied pressures increase this difference. However, for BaN 2 , C 33 , and C 11 have approximate values, which shows that the atomic bonds along the {0 0 1} planes between nearest neighbours are similar to those along the {1 0 0} plane.
We studied the mechanical stability of CaN 2 , SrN 2 , and BaN 2 using mechanical stability criteria. According to Sin'ko and Smirnov's conditions of mechanical stability [40] , mechanical stability should conform to the following conditions:
whereC αα = C αα − P(α = 1, 3, 4),C 12 = C 12 + P, C 13 = C 13 +P. The mechanical stability of CaN 2 , SrN 2 , and BaN 2 was plotted as a function of pressure in Figure 3 . When one of the above-mentioned conditions is no longer fulfilled, the compound is not mechanically stable. In Figure 3 , the critical pressure was ∼20 GPa for CaN 2 , ∼15 GPa for SrN 2 , and ∼10 GPa for BaN 2 . We also found that when the pressure reached 50 GPa, the mechanical stability conditions were fulfilled. Kulkarni et al. [9] obtained a CaC 2 -I-type structure (I4/mmm no. 139) and a CaC 2 -V-type structure (Immm no. 77) for CaN 2 using the global energy landscape and subsequent local optimization, respectively. The CaC 2 -V-type structure of CaN 2 is formed upon an increase in pressure. This is consistent with our conclusions for a pressure up to 20 GPa where the mechanical stability was disrupted. Furthermore, BaN 2 has an analogous structure to ThC 2 and CaN 2 -I. The CaN 2 -I structure is metastable to at least 20 GPa and SrN 2 crystallizes as a CaC 2 -I-type structure under standard pressure while a tetragonal CaC 2 -I-type structure exists under high pressure [9] .
The calculated bulk, shear, and Young's moduli as well as the Poisson coefficient are summarized in Table 3 . From our values, the B x /C x for CaN 2 , SrN 2 , and BaN 2 indicates that the parameter limiting the stability of this compound is the shear modulus. Additionally, the lower Poisson coefficients for CaN 2 , SrN 2 , and BaN 2 mean that an increase in the volume is associated with uniaxial tensile deformation. According to the criterion of Pugh [41] , if the B x /G x parameter, defined as the shear modulus relative to the resistance to fracturing, is higher than 1.75, the material should be ductile. For our metal-nitrogen compounds, the B x /G x values are all more than 1.75, which means that those compounds will behave in a ductile manner. Additionally, the elastic anisotropy ratio is an important physical parameter for the structural phase stability of crystal structures. The anisotropy ratios of the three metal-nitrogen compounds were estimated and indicated anisotropy. Moreover, for an anisotropic system, small C 13 /C 12 and large C 33 /C 11 values indicate that atomic bonding along the z-axis is stronger than along the x-axis for CaN 2 , SrN 2 , and BaN 2 .
Electronic Structure
The electronic structures of CaN 2 , SrN 2 , and BaN 2 have been investigated previously [12, 13, 23, 37] . Our electronic structure calculations predict a density of states (DOS) with metallic behaviour, which is in good agreement with that of previous studies [23, 37] the dinitrogen states mix with 3s/4p Ca, 4s/5p Sr, and 5p/6s Ba. The antibonding bands in the proximity of the Fermi level that ranges from −5 to 3 eV are basically built up by the π * states of the dinitrogen unit, which is slightly mixed with the 3s/4p Ca, 4s/5p Sr, and 5p/6s Ba. The bands above 3 eV are predominantly formed by 3s/4p Ca, 4s/5p Sr, and 5p/6s Ba. The itinerant electrons in the N-dominated region are the carriers of electrons in the N-dominated region. From CaN 2 to SrN 2 to BaN 2 the increase in ionicity is clear as shown by an increase in the sharpness of the nitrogen π states, which parallels the difference in Pauling electronegativities (∆EN(M − N) = 1.4, 1.7, 2.0) between the alkaline-earth metals and nitrogen in this series [23, 39] . A discussion about the magnetic properties of the MN 2 (M = Ca, Sr, Ba) compounds is warranted. The spin polarized equilibrium lattice constants for the sug- Table 3 . Calculated bulk, shear, and Young's modulus (in GPa), B x /G x , Poisson coefficient and the anisotropies of the compressional (P) and two shear waves (S 1 and S 2 ). 
Conclusion
In summary, we performed first-principles non-spin and spin polarized computations on alkaline earth diazenides and determined various structural parameters and their elastic, electronic, and bonding behaviour. The structural parameters obtained after relaxation are similar to those in previous reports. We calculated the elastic constants and derived the bulk and shear moduli, Young's modulus and the Poisson coefficient. The results show that the alkaline earth diazenides are mechanically stable and behave in a ductile manner at zero pressure. The bulk modulus calculations confirmed that the hardness decreases from CaN 2 to SrN 2 to BaN 2 . As the applied pressure increases, our calculations predict mechanical instabilities at 20, 15, and 10 GPa for CaN 2 , SrN 2 , and BaN 2 , respectively. The density of states suggest a metallic nature and hint at the role of electrons near the Fermi level in establishing the directional bonding between Ca-p, Sr-p, Ba-p, and N-p states and the electronic stability of the alkaline earth diazenides.
